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Introduction
Postoperative cognitive dysfunction (POCD) is a fairly well-documented clinical phenomenon. 1 In addition to affecting patients' daily activities due to cognitive impairment, POCD has been found to be associated with increased mortality. 2 Although the neurobiological basis of POCD remains unknown, major risk factors, such as advanced age, poor education, preexisting cognitive impairment, severity of coexisting illness, duration of anesthesia, respiratory complications, and second operation, have been identified. [3] [4] [5] [6] Although perioperative morbidity and mortality have been dramatically reduced over the past decades, little progress has been made in alleviating the prevalence of POCD, which imposes a serious burden on the quality of life and healthcare costs.
The pathogenesis of surgery-induced or volatile anestheticinduced cognitive impairment is not fully understood. However, extensive information gained over the past decade indicates that the excessive release of proinflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, are involved in cognitive impairment after surgery and anesthesia. [7] [8] [9] [10] Neuroinflammation has been proposed to contribute to the progression of neurodegenerative diseases and the occurrence of cognitive deficits associated with aging. 11, 12 Additionally, increased basal levels of the proinflammatory cytokines IL-1β and IL-6 have been reported in aged animals. 13, 14 This age-related change in the inflammatory profile of the brain likely results from alterations in the activation status of the brain's primary immune cells, namely microglia. Research has established that microglia from aged animals are primed to express an inflammatory phenotype. 15, 16 Microglia, which are myeloid-lineage cells residing in the central nervous system (CNS), are necessary for healthy brain functioning. As a neuron protector, microglia are sensitive to microenvironment and readily become activated in response to immunological stimuli, toxin, or injury. 17, 18 When sensing adenosine triphosphate (ATP) leak from an injury site, microglia transform to a more motile state and migrate to the site of damage, 19 which causes neuroinflammation and subsequent neurodegeneration. 20 Activated microglia could significantly induce the production of a large array of inflammatory cytokines, such as IL-1β, TNF-α, 21 and inducible nitric oxide synthase (iNOS), 22 leading to the neuronal cell damage of inflammatory surroundings. It has also been suggested that hyperactivation of microglia results in the production of a variety of proinflammatory mediators in the pathogenesis of several neurodegenerative diseases, including Alzheimer's, Huntington's, and Parkinson's disease. [23] [24] [25] The contribution of microglia to the hippocampus-dependent learning and memory has become a research focus recently. Microglia activation can impair learning and memory via the release of IL-1. 26 Inhibiting microglia activation has been found to rescue learning and memory deficits in a murine model of human immunodeficiency virus (HIV) type 1 encephalitis. 27 A more recent study found that 50% of elderly patients with mild cognitive impairment had increased microglia activation compared to age-matched controls. 12 Bachstetter et al reported that administration of fractalakine, a chemokine that inhibits microglia activation, increased hippocampal neurogenesis in aged rats. 28 The elderly are vulnerable to the adverse effects of infections on cognitive function, and the aging process itself is associated with increased neuroinflammatory processes involving microglial activation and production of proinflammatory cytokines. 13, 29 Existing data indicate that age-related changes in neuroinflammation may contribute to the reductions in neurogenesis. Whether there is a direct link between inflammation-induced reductions in neurogenesis and agerelated cognitive decline remains unknown.
The aim of the present study was to determine whether anesthesia with 1.4% isoflurane (Iso) or appendectomy could induce spatial learning memory deficit. We also evaluated the proinflammatory cytokines (TNF-α, IL-1β, IFN-γ) and Iba-1 (microglia marker) in the hippocampus in an effort to test the hypothesis that surgery and volatile anesthesia activate microglia and then release a large amount of proinflammatory cytokines, thus leading to spatial learning memory deficit.
Materials and Methods
Experimental animals. The animal protocol was approved by the Institutional Animal Care and Use Committee of Fudan University (Shanghai, China). Male C57BL/6 mice were purchased from Shanghai Laboratory Animal Center of the Chinese Academy of Sciences. The median lifespan for C57BL/6 mice is approximately 26 months; 30 so to investigate changes that occur from adulthood to what is considered aged, 3-month-old (adult) and 18-month-old (aged) male mice were used. Mice were given ad libitum access to food and housed under a 12-hour light/dark cycle (lights on at 7:00 am). Room temperature was maintained at 22 ± 1°C, and the relative humidity was set at 50 ± 10%. All experiments were performed during the light phase between 7:00 am and 7:00 pm.
Animal groups. Adult mice weighing 25-30 g and aged mice weighing 35-40 g were divided, respectively, into three groups: control, Iso exposure, and surgery. Mice in the Isoexposed group were exposed to 1.4% Iso for two hours. Mice in the surgery group were subjected to appendectomy. Two sets of experiments were performed. In the first set, mice were subjected to the water maze test at day 3 (D3) and D28 after Iso exposure or appendectomy. In the second set, their hippocampi were harvested at D3, D14, and D28 after Iso exposure or appendectomy for measuring the proinflammatory cytokines (IL-1β, TNF-α, IFN-γ) and the microglia marker Iba-1.
Anesthesia procedure. Mice that were randomly assigned to the Iso exposure group received 1.4% Iso in 50% oxygen for two hours at a flow rate of approximately 3 L/min in a Plexiglas anesthetizing chamber, which was adjusted to maintain minimum alveolar concentration, oxygen, and carbon dioxide at constant levels. Gases within the anesthetic chamber were monitored continuously, and arterial oxygen saturation was measured noninvasively using a pulse oximeter during anesthesia. The mice were breathing spontaneously, and the temperature of the anesthetizing chamber was controlled at 37 ± 0.5°C using a heating pad. Anesthesia was terminated by discontinuing the gas flow. Then mice were allowed to recover for 20 minutes in a chamber filled with 50% O 2 and maintained at 37°C, and were placed in their home cage. The animals were allowed to recover for 48 hours to avoid the confounding influence of any residual anesthetic.
Surgical procedure. Mice that were randomly assigned to the surgical group were anesthetized with pentobarbital sodium under sterile conditions. For all surgical interventions, the animals underwent a standardized procedure, starting with a midline laparotomy, followed by mobilization and exteriorization of the appendix. Division of the appendix was performed between two ligatures that were placed proximal to the border of the cecum and appendix. The cecal stump was irrigated with saline. In the end, the abdominal wall was closed in two layers, using a running suture technique. Mice were breathing spontaneously, and the temperature was controlled at 37 ± 0.5°C using a heating pad. The animals were assessed daily throughout the recovery period of 2 days after surgery.
Morris water maze. We used the Morris water maze (MWM) task to assess hippocampal-dependent spatial memory performance. Mice were tested in the water maze to assess spatial learning. The maze consisted of a circular tub (100 cm diameter) and a clear mesh plastic square platform (8.5 cm). The platform was placed 1 cm below the surface of the water. The water was made opaque with white tempera paint to conceal the platform. Water temperature was maintained at 21 ± 1°C throughout testing. Extra-maze cues were located around the maze. Mice received four trials (up to 60 seconds) per day from different start locations for five consecutive days. Mice that found the platform were allowed to stay on it for 15 seconds. If a mouse did not find the platform within a 60-second period, it was gently guided to the platform and allowed to stay on it for 15 seconds. A video tracking system recorded the swimming motions of the animals, and the data were analyzed using motion-detection software for the MWM (Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, People's Republic of China). A single probe trial was conducted on D6. The platform was removed, and a mouse was placed in the opposite quadrant. Each mouse was allowed to swim for 60 seconds, and the number of times the animal crossed the original location of the platform was recorded by the tracking system. Specifically, after every trial, each mouse was placed in a holding cage under a heat lamp for 1-2 minutes to dry before being returned to its regular cage.
Western blot analysis. Hippocampal tissues were isolated from mice after they were deeply anesthetized, and the samples were homogenized in RIPA buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 2 mM EDTA, 0.1% Na deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM PMSF, 1 mM Na3VO4, 10 μg/mL -1 aprotinin, and 10 μg/mL leupeptin) plus protease inhibitors. The homogenates were centrifuged at 12,000 g at 4°C for 15 minutes. The supernatant was saved, and its protein concentration was determined by the BCA (bicinchoninic acid assay) technique (Bio-Rad). Forty micrograms of proteins per lane was subjected to SDS-PAGE (12% gels) and then blotted onto a polyvinylidene difluoride membrane. Membranes were incubated in blocking buffer (TBS/0.1% Tween 20 with 5% nonfat dried milk) for two hours at room temperature. To control for protein loading, a mouse monoclonal anti-GAPDH antibody (1:2000; A2228; Sigma) was used. The primary anti-Iba-1 antibody (1:1000; Ab107159, Abcam) was added to the buffer solution, and the membranes were incubated overnight at 4°C. The membrane was then washed for 10 minutes three times in 1× TBS/0.1% Tween 20. Appropriate secondary antibodies were used. Then membranes were washed with 1× TBS/0.1% Tween 20 several times. Proteins were visualized with an ECL detection kit and analyzed using the Quantity One 1-D Analysis Software (Bio-Rad). The protein band intensities of Iba-1 were normalized by the corresponding band intensities of GAPDH from the same samples. The results from animals under various experimental conditions were then normalized by those of the corresponding control animals.
Immunofluorescence procedures. Mice were sacrificed and perfused transcardially with ice-cold phosphate-buffered solution (PBS) and 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4). The brains were then dissected out; the meninges were carefully removed and then post-fixed in the same fixative overnight, and cryoprotected by first sinking in 10% and then in 30% sucrose (in 0.1 M phosphate buffer) at 4°C. Coronal sections (20 μm) were cut using a microtome. After blocking nonspecific epitopes with PBS containing 10% donkey serum and 0.5% Triton-100 for one hour at room temperature and then in the primary antibody: Iba-1 antibody (ab107159, 1:200; Abcam), four sections (20 μm thickness, 80 mm space) of each mice were incubated for 48 hours at 4°C. Sections were then washed in PBS and incubated for four hours with a 1:2000 dilution of anti-goat IgG secondary antibody (Invitrogen). Nuclear counterstaining was performed with 4′,6-diamidino-2-phenylindole (DAPI, Sigma) for 30 minutes at room temperature before three washes with dH 2 O for 10 minutes each time, and then protected with a coverslip.
Quantification of IL-1β, TNF-α, and IFN-γ by BioPlex protein array system. Hippocampal tissues of mice were homogenized on ice in 20 mM Tris-HCl buffer (pH = 7.3) containing protease inhibitors (10 μg/mL aproteinin, 5 μg/mL peptastin, 5 μg/mL leupeptin, and 1 mM phenylmethanesulfonylfluoride). The homogenates were centrifuged at 12,000 g for 10 minutes at 4°C. The supernatant was then ultracentrifuged at 150,000 g for two hours 4°C. Bradford protein assay of the supernatant was performed for each sample. IL-1β, TNF-α, and IFN-γ were measured in the hippocampus as previously described. 31 In brief, a customized 3-plex mouse cytokine panel consisting of fluorescent beads for IL-1β, TNF-α, and IFN-γ (BioRad) was analyzed with a Luminex protein suspension array system (Bioplex 200; Bio-rad) according to manufacturer's instructions. Due to the large binding surface of the beads, this assay is highly sensitive and has been proven to work well for detecting cytokines from brain tissues. 32 All samples were run in triplicate, and data was analyzed with the Bio-Plex Manager software. The results were expressed as pg/ mL of brain supernatant.
Quantitative real-time PCR. Total RNA was isolated from the hippocampus of C57BL/6 mice. RNA extraction was performed with the guanidinium isothiocyanate/chloroformbased technique (TRIZOL, Invitrogen) according to the manufacturer's instructions. The RNA samples from three individual animals per group in the different experiments were used to prepare cDNA for RT-PCR (real-time polymerase chain reaction) using the SuperScript First-strand Synthesis System (Invitrogen). The cDNA was quantified using the SYBR Green PCR master kit. The PCR primers used are described in Table 1 . Each reaction was performed in a volume of 20 μL, which contained 100 ng cDNA, 10 μL SYBR Green PCR master mix, and 5 mM of each (forward and reverse) PCR primer. The total mixture (20 μL) was placed in a 0.1 mL tube. Quantitative RT-PCR was performed using an ABI 7000 PCR instrument (Eppendorf) with the twostage program parameters provided by the manufacturer, as follows: 1 minute at 95°C, and then 40 cycles of 5 seconds at 95°C, and 30 seconds at 60°C. The sequences of the primer sets used for this analysis are given in Table 1 . All reactions were performed in triplicate. Gene expression results were calculated using the delta delta cycle threshold (two delta delta CT) method. 33 The two delta delta CT method was used to determine the mean fold changes in gene expression between the control and target genes. The results were normalized using GAPDH expression. It has been reported that no agerelated change takes place in the central GAPDH mRNA expression.
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Statistical analysis. All data are presented as mean ± standard error of the mean (SEM). The Statistical Package for the Social Sciences (SPSS) v.19.0 software was used for statistical analyses. Behavioral studies were analyzed using twoway analysis of variance (ANOVA) with repeated measures. Other data were analyzed with one-way ANOVA, followed by a least square difference (LSD) multiple comparison test. A P-value of 0.05 was considered statistically significant.
Results
Iso exposure-or appendectomy-induced cognitive impairment in aged mice. After exposure to 1.4% Iso or appendectomy, mice were tested in the MWM at D3 and D28, which represent recent memory and long-term memory, to evaluate spatial learning and reference memory (Fig. 1) . Three groups of adult mice had no significant differences in escape latency, time spent in the target quadrant, and the number of times of crossing the former location of the platform. Aged mice's spatial memory was impaired after Iso exposure or appendectomy in the two tests. All the three aged groups successfully learned the task, but the Iso-exposure group and appendectomy group had higher escape latency (Fig. 1A) . In the Iso-exposure group, the impairment was found on D2, D3, D4, D5, postanesthesia D4, D5, D6, D7 at the first spatial acquisition, and D3, D4, D5, postanesthesia D30, D31, and D32 at the second spatial acquisition. In the appendectomy group, the impairment was found on D2, D3, D5, post appendectomy D4, D5, and D7 at the first spatial acquisition and D3, D4, post appendectomy D30, and D31 at the second spatial acquisition compared to the control mice. During the probe trial, mice subjected to Iso exposure spent less time in the target quadrant searching for the missing platform than did the control mice at postanesthesia D8 and D33. Mice subjected to appendectomy spent less time in the target quadrant searching for the missing platform compared to the control mice at post appendectomy D8 and D33. The decreased number of times the iso-exposure group and appendectomy group crossed the former location of the platform reflected impairment in spatial memory (Fig. 1B) . However, mice exposed to both Iso and appendectomy had the same swimming speed compared with control mice (Fig. 1C) , indicating that motor deficits did not contribute to differences in escape latencies, number of times of crossing the platform location, or time spent in the target quadrant.
Iba-1 expression in the hippocampus. Mice were sacrificed at D3, D14, and D28 after anesthesia or surgery Table 1 . Sequences of the primer sets used for the analysis.
GENE PRIMER SEQUENCE (5′→3′) (FORWARD) PRIMER SEQUENCE (5′→3′) (REVERSE)
Il-1β CtCaCaaGCaGaGCaCaaGC tCCaGCCCataCtttaGGaaGa tnf-α CaCCaCCatCaaGGaCtCaa GaGaCaGaGGCaaCCtGaCC
Ifn-γ CtGCtGatGGGaGGaGatGt tttGtCattCGGGtGtaGtCa GaPDh aCCaCaGtCCatGCCatCaC tCCaCCaCCCtGttGCtGta and their Iba-1 levels measured. Western blot analyses and immunofluorescent staining of hippocampal Iba-1 in the iso-exposure group, appendectomy group, and control group were performed. There were no significant differences in Iba-1 expression among adult groups ( Fig. 2A) . The results showed that, compared with aged control mice, aged iso-exposure mice and aged appendectomy mice exhibited an increase in hippocampal Iba-1. The relative quantity of Iba-1 was significantly different between the iso-exposure group and control group in the hippocampus of mice at D3, D14, and D28. Same was the case with the appendectomy group (Fig. 2B ).
There was no significant increase in number in Iba-1-positive cells in the hippocampus D3, D14, and D28 among the adult groups (Fig. 3A) . Compared with aged control mice, aged Isoexposure mice and appendectomy mice exhibited an increase in the number of Iba-1-positive cells in the hippocampus at D3, D14, and D28 (Fig. 3B) . Proinflammatory cytokine mRNA expression in the hippocampus. We studied the proinflammatory cytokine mRNA expression levels in the hippocampus at D3, D14, and D28 after Iso exposure or appendectomy (Fig. 4) . IL-1β mRNA expression of adult mice was significantly increased at D3 and D14 after Iso exposure, and then decreased at D28. It was significantly increased at D3, D14, and D28 after appendectomy. IL-1β mRNA expression of aged mice was significantly increased at D3 and D14 after Iso exposure, and then decreased at D28. It was significantly increased at D3, D14, and D28 after appendectomy (Fig. 4A) . TNF-α mRNA expression of adult mice was significantly increased at D3 and D14 after Iso exposure. It had no significance at D28 compared to the control group. It was significantly increased at D3, D14, and D28 after appendectomy. TNF-α mRNA expression of aged mice was significantly increased at D3 and D14 after Iso exposure, then decreased at D28. It was significantly increased at D3 after appendectomy, then decreased at D14 and D28 (Fig. 4B) . IFN-γ mRNA expression of adult mice was significantly increased at D3, D14, and D28 after Iso exposure and appendectomy. IFN-γ mRNA expression of aged mice was significantly increased at D3 and D14 after Iso exposure, but had no significance at D28 compared to control Figure 1 . Effect of isoflurane (Iso) exposure and appendectomy on spatial learning. (A) Mean escape latency (in seconds) to find the hidden platform across training days. There were no significant differences among adult groups. In the aged Iso-exposure group, the significant differences were found on day 2 (D2), D3, D4, and D5 at the first spatial acquisition and D3, D4, and D5 at the second spatial acquisition. In the aged appendectomy group, the significant differences were on D2, D3, and D5 at the first spatial acquisition and D3 and D4 at the second spatial acquisition (*P  0.05, **P  0.01, ***P  0.001; # P  0.05, ## P  0.01). (B) Probe trial performance of during testing. No significant differences among adult groups were seen. Both aged Iso and aged appendectomy mice spent less time in the target quadrant searching for the missing platform and less number of times of crossing the former location of the platform than did the controls at postanesthesia D8 and D33. the appendectomy mice spent less time in the target quadrant searching for the missing platform at post appendectomy day 8 and 33 (*P  0.05, **P  0.01). (C) there were no differences in the swimming speed during training days (P  0.05). (B) Iba-1 levels in aged iso-exposure group and aged appendectomy group significantly increased compared to the aged control group (**P  0.01, ***P  0.001). In the adult group, the relative Il-1β mrna level increased at D3 and D14, and then decreased at D28 after Iso exposure and increased at D3, D14, and D28 after appendectomy. among aged group, the relative Il-1β mrna level increased at D3 and D14, and then decreased at D28 after Iso exposure and increased at D3, D14, and D28 after appendectomy (**P  0.01, ***P  0.001, ## P  0.01). (B) In adult group, the relative tnf-α mrna level increased at D3 and D14, then decreased at D28 after Iso exposure and increased at D3, and then decreased at D14 and D28 after appendectomy. among aged group, the relative tnf-α mrna level increased at D3 and D14 after Iso exposure and D3 after appendectomy but decreased at D14 and D28 after appendectomy (***P  0.001, ## P  0.01, ### P  0.001). (C) among adult group, the relative Ifn-γ mrna level increased at D3, D14, and D28 after Iso exposure and appendectomy. among aged group, the relative Ifn-γ mrna level increased at D3 and D14 after Iso exposure and D3, D14, and D28 after appendectomy (**P  0.01, ***P  0.001).
group. It was significantly increased at D3, D14, and D28 after appendectomy (Fig. 4C) . Proinflammatory cytokine protein level in the hippocampus. The proinflammatory cytokine protein levels in the hippocampus were studied by Bio-plex at D3, D14, and D28 after Iso exposure or appendectomy (Fig. 5 ). There were significant differences among the aged groups, but no significant differences of IL-1β or TNF-α could be seen among the adult groups. Among aged groups, IL-1β protein level was significantly increased at D3, D14, and D28 after Iso exposure and appendectomy (Fig. 5A ). TNF-α protein level was significantly increased at D3, D14, and D28 after Iso exposure. It was significantly increased at D14 but had no significance at D3 and D28 after appendectomy (Fig. 5B) . Among adult groups, IFN-γ protein level increased only at D3 after Iso exposure and appendectomy. Among the aged groups, IFN-γ protein level was significantly increased at D3 and D14 but had no significance at D28 after Iso exposure. It was significantly increased at D14 and D28 but had no significance at D3 after appendectomy (Fig. 5C ).
Discussion
In recent years, there has been increasing concern that general anesthesia/anesthetics may contribute to POCD. 35 Many reports have shown spatial memory impairment after Iso exposure. 35, 36 But the mechanism is not yet clear. In this study, we used adult mice and aged mice to explore the mechanism. Our results showed that aged mice exhibited deficits in hippocampus-dependent learning and memory as manifested by the longer escape latency to reach the platform, the fewer times of original platform crossing, and the less time spent in the target quadrant in the MWM test at D3 and D28 after exposure to 1.4% Iso for two hours or appendectomy, but not adult mice. A recent study showed that exposure of 2-3-month-old mice to 1% Iso, but not 1.5% or 2% Iso, impaired the acquisition of spatial reference tasks but did not affect spatial reference recall/memory when they were tested within 5 days after isoflurane exposure. 37 However, another study demonstrated that 2-month-old rats did not have an impairment in fear-conditioning test and spatial reference learning but had improved long-term memory at 4 months after one-MAC isoflurane anesthesia for four hours. 38 The reasons for these different findings between our study and the previous studies are not known. Differences in animal species and strains, methods of anesthetic exposure, and time to perform the learning and memory tests may have contributed to these discrepancies. Il-1β protein level in aged Iso group and aged appendectomy group increased at D3, D14, and D28 compared with the aged control group (**P  0.01, ***P  0.001). There were no significant differences among adult groups (P  0.05). (B) among the aged groups, tnf-α protein level increased at D3, D14, and D28 after Iso exposure and D14 after appendectomy (***P  0.001). No significant differences could be seen among adult groups (P  0.05). (C) among adult groups, Ifn-γ protein level increased at D3 after Iso exposure and appendectomy. among aged groups, Ifn-γ protein levels increased at D3 and D14 after Iso exposure and D14 and D28 after appendectomy (**P  0.01, ***P  0.001).
In our study, after Iso exposure or appendectomy, adult mRNA expression, aged mice mRNA expressions, and protein levels of IL-1β, TNF-α and IFN-γ increased to different extents, while only adult mice protein level of IFN-γ increased at D3. It has been shown that cytokines are important mediators involved in immune, inflammatory, and immunomodulatory functions. 39 Described as double-edged swords, cytokines protect and repair, but also impair, neuronal function during excessive or chronic neuroinflammation. 40 Iso may increase the levels of proinflammatory cytokines, which may cause neuroinflammation. 10 Iso impaired the long-term spatial reference memory and hippocampus-dependent learning and memory by activating IL-1β, which increased activated caspase 3 in the hippocampus and decreased the neuronal density in the CA1 region. This activation ultimately led to neurodegeneration and cell death in the hippocampus. 36, 37 The hippocampus, which plays a critical role in both learning and memory and the emotional function, is an important brain region susceptible to anesthetics such as Iso. It highly expresses proinflammatory cytokine receptors, and appears to be more sensitive to excessive or prolonged cytokine exposure. 41 Among the many inflammatory triggers and mediators (proinflammatory cytokine), IL-1β has been suggested as most potent in neurodegeneration, based on both experimental and clinical data. 40, 42 A recent article of Barrientos et al 43 shows that POCD is attenuated by blocking central IL-1β signaling using an IL-1 receptor antagonist. This suggests that IL-1β, one of the main cytokines produced by microglia, 44 plays a pivotal role in surgery-induced cognitive impairment. In our study, we found the mRNA expression and protein level of IL-1β in the hippocampus of aged mice increased after Iso exposure or appendectomy. Another proinflammatory cytokine, TNF-α, plays a central role in initiating and regulating the cytokine cascade during an inflammatory response. The levels of TNF-α expression in the healthy brain are low, making it difficult to determine its precise role under physiological conditions. In inflammatory or disease states, TNF-α, along with several other proinflammatory mediators and neurotoxic substances, is predominantly produced by activated microglia. IFN-γ, together with other inflammatory cytokines (IL-1β, TNF-α), can trigger neurotoxic mechanisms (eg, increase in the expression of other inflammatory factors, influence on the development of oxidative stress). 45 Lee et al 46 demonstrated that in EAE (experimental autoimmune encephalomyelitis) inhibition of IFN-γ actions mediated through microglial STAT1 is the main cause for the onset of atypical neurological deficits. In our study, IFN-γ protein level in adult mice increased only at D3 after Iso exposure or appendectomy, while no significant differences of IL-1β or TNF-α were seen. This suggested that individual increase of IFN-γ protein level was not enough to lead to cognitive impairment.
Most studies have found that POCD occurs in the elderly. It has been suggested that aging can facilitate neurobehavioral complications associated with peripheral infections, probably by allowing the overexpression of inflammatory cytokines in brain areas that mediate cognitive processing. Hovens et al argued that elderly patients had an increased behavioral and (neuro) inflammatory response to surgery. 47 In addition to increased expression of proinflammatory markers such as IL-1β, IL-6, and TNF-α in the brain, aged mice have more microglia that stain for tomato lectin and higher basal levels of several inflammatory cytokine mRNAs in the hippocampus than young adults. 48 This is similar to the results of our study. Increased microglial activity and proinflammatory cytokine releases may contribute to neuronal dysfunction and death in neurodegenerative diseases. The importance of microglia in protecting the brain is illustrated by the observation that complete blockade of microglial activity exacerbates brain damage in adult and neonatal hypoxic ischemic injury models. 49, 50 Activated microglia can change from ramified (quiescent) morphology to amoeboid (activated) morphology, secrete a variety of proinflammatory and neurotoxic factors (eg, IL-1β, IL-6, and TNF-α), and increase the expression of iNOS. Microglia are the primary producers of IL-1β within the brain. 51 Some studies indicate that the release of proinflammatory cytokines from microglia can cause direct cell death of neurons both in vivo and in vitro. 52, 53 Cunningham et al have argued that microglial priming and the consequent exaggerated CNS inflammatory response may be a key contributor to deleterious cognitive consequences of systemic inflammation in the aged and demented. 54, 55 Our study suggests that all significant impairments paralleled upregulated cytokine IL-1β, TNF-α, and IFN-γ expression. Immunohistochemistry assay further showed more hippocampal microglial cell activation in aged mice compared to adults. These findings suggest that Iso exposure or appendectomy results in cognitive function impairment potentiated by aging. The findings of this study indicate that moderate surgical trauma or Iso exposure induces an exaggerated microglia activation response, releasing large amount of proinflammatory cytokines and then leading to an exacerbated cognitive impairment in aged mice when compared to their adult counterparts.
It is natural to think that activation of microglial-IL-1β-neuronal injury/death pathway may contribute to cognitive impairment after Iso exposure or appendectomy. We might treat POCD by using different therapies related to the corresponding link. Future studies with using specific inhibitors for each component of this pathway are needed to provide evidence for this connection.
Because it is quite difficult to acquire a sufficient volume of arterial blood from mice without anesthesia for analysis, there is currently no record of normal blood gas values for mice. For this reason, many studies do not assess blood gases. 56, 57 Therefore, we do not know how to define and evaluate the effects of acidosis in mice. However, in the present study, no animals died after two hours of isoflurane exposure, which indicated that even if some minimum physiological changes occurred, they were of little clinical relevance.
Conclusion
In summary, we found that 1.4% Iso exposure or appendectomy impaired hippocampus-dependent learning and memory in aged mice. To explore the mechanism of neurotoxicity induced by Iso or surgery, we found that elevated levels of the proinflammatory cytokines IL-1β, TNF-α, and IFN-γ in the hippocampus are implicated in learning and memory. Furthermore, we observed an increase in the microglia protein expression and the number of microglia cells in the hippocampus, both of which indicated that microglia was activated. Thus, the pathway of microglia activation and proinflammatory cytokines release contributed to the neurotoxicity and impairment of learning and memory induced by Iso or surgery. This study provides some theoretical basis for the further study of microglia inhibition, which could prevent POCD in elderly patients and decrease the postoperative morbidity and mortality.
